Pilot tests on the ultimate static strength of unsymmetrical plate girders,  June 1968 (70-21) by Dimitri, J. R. & Ostapenko, A.
Lehigh University
Lehigh Preserve
Fritz Laboratory Reports Civil and Environmental Engineering
1968
Pilot tests on the ultimate static strength of
unsymmetrical plate girders, June 1968 (70-21)
J. R. Dimitri
A. Ostapenko
Follow this and additional works at: http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-
reports
This Technical Report is brought to you for free and open access by the Civil and Environmental Engineering at Lehigh Preserve. It has been accepted
for inclusion in Fritz Laboratory Reports by an authorized administrator of Lehigh Preserve. For more information, please contact
preserve@lehigh.edu.
Recommended Citation
Dimitri, J. R. and Ostapenko, A., "Pilot tests on the ultimate static strength of unsymmetrical plate girders, June 1968 (70-21)" (1968).
Fritz Laboratory Reports. Paper 262.
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports/262
Unsymmetrical Plate Girders
PI LOT TESTS ON
THE ULTIMATE
STATIC STRENGTH
OF UNSYMMETRICAL
PLATE GIRDERS
FRITZ ENGI~JEERil\JG
1.1\80 r(j:\~r0 F?Y
by
James R. Dimitri
Alexis Ostapenko
Fritz Engineering Laboratory Report No. 328.5
PILOT TESTS ON THE STATIC
STRENGTH OF UNSYMMETRICAL
PLATE GIRDERS
James R. Dimitri
and
Alexis Ostapenko
This work was conducted as part of the
project Unsymmetrical Plate Girders, sponsored by
the American Iron and Steel Institute, the
Pennsylvania Department of Highways, and the
Welding Research Council. The opinions, findings,
and conclusions expressed in this report are those
of the authors, and not necessarily those of the
sponsors.
Fritz Engineering Laboratory
Department 6f Civil Engineering
Lehigh University
Bethlehem, Pennsylvania
June 1968
Fritz Engineering Laboratory Report No. 328.5
328.5
TABLE OF CONTENTS
ABSTRAcr
l~ FORWARD
2. GENERAL INFORMATION
2.1 Introduction
2.2 Pilot Test Specimens
2.3 Instrumentation
2.4 Behavior of Plate Girder Webs
2.5 Initial Web Delfections
3. TESTS ON GIRDERS UNDER BENDING
3.1 Introduction
3.2 Test Set-Up and Instrumentation
3.3 Testing Procedure
3.4 Mode of Failure
3.5 Web. Deflection Contours
3.6 Bending Stress Distribution
3.7 Discussion
4. TESTS ON PANELS UNDER DOMINANT SHEAR
4.1 Introduction
4.2 Test Set-Up and Instrumentation
4.3 Testing Procedure
4.4 Flange Stresses
4.5 Web Stress Distribution
4.6 Diagonal Deformation Readings
4.7 Web Deflection Contours
4.8 Mode" of Failure
4.9 Discussion
-i
1
3
3
5
7
8
9
11
11
11
13
14
15
16
16
18
18
18
19
21
22
22.
23
24
24
328.5 -ii
5. TESTS ON GIRDERS UNDER COMBINED BENDING AND SHEAR 26
5.1 Introduction 26
5.2 Testing Procedure and Set-Up 26
5.3 Mode of Failure 27
5.4 Discussion 28
6. SUMMARY 30
7. TABLES AND FIGURES 33
8. REFERENCES 82
9. ACKNOWLEDGEMENTS 84
328.5
ABSTRACT
Eight ultimate load tests were performed on three 36-inch
deep unsymmetrical plate girders. One girder was 25 feet long,
two were 30 feet long. All girders contained the same cross
section; with the area of the bottom flange 2 ~ times larger than
the top flang~,· so that the centroidal axis was approximately one-
sixth of the depth' below the mid-depth or geometric center 'of the
web plate. The web slenderness ratio Ca) for all specimens was
295. The panels had aspect ratios (a) of 0.8, 1.2 and 1.6. The
loading conrlitions employed were pure bending, dominant shear', and
combined shear and bending.
A comparison of the experimental ultimate strengths with those
computed using the theories developed by Basler and 'Th~rlimann
shows the girder strengths under dominant shear to be 18% higher
than the theoretical values. The ultimate loads from the bending
tests were also higher than predicted. The tests under combined
high'bending and high shear'gave strengths which were lower than
indicated by the current ultimate strengt~ interaction envelope.
The test results obtained will serve as a basis for developing
a new, more accurate theory for determining the static_strength of
unsymmetrical plate girders.
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1. FORWARD
Prior to 1963 researchers at Lehigh University and elsewhere
conducted several studies into the static carrying capacity of
. (l 2 3 4 5 6)
welded plate glrders. "'" The parameters investigated
included the web depth to thickness ratio, 8; the length to depth
ratio, a; and loading conditions. Although this investigation was
extensive and the current design recommendations reflect the results
of this study, a parameter of paramount importance,effect of the
location of the neutral axis on the carrying capacity of welded
plate girders, was not considered.
In plate girder design it is common to have an unsymmetrical
cross se.ction as a result of a shift of the neutral axis either
toward the tension flange or compression flange, whichever is
larger. Throughout this report the term unsymmetrical will define
a plate girder cross section whose neutral axis does not fallon .
the axis of symmetry of the web plate. Examples of this type of
. plate girders are shown in Fig. 1.
Current design sp~cifications neglect to provide guide lines
for the design of such unsymmetrical plate girders. (7,8,9) There-
fore, a research project has been initiated at. Lehigh University
with the principal objective of determining the ultimate strength
of unsymmetrical plate girders.
The preliminary experimental phase of this research, which is
described in this report, consisted of eight static tests on three
328.5
unsymmetrical plate girders--two under bending, three under
shear, and three under combined bending and shear.
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The purpose of this report is to relate the results of a
pilot study on the ultimate strength of unsymmetrical plate" girders
rather than to present theoretical justification of the current
theories nor any modific~tion to those theories. The report
describes the test girders, .testing techniques, presents the test
results and offers the conclusions of this investigation.
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2. GENERAL INFORMATION
2.1 Introduction
In an effort to evaluate the influence of the shift of the
horizontal centroidal axis of a plate girder from the mid-depth,
eight ultimate load tests were performed on three separate girders.
This report relates the findings of this investigation and
discusses the behavio~ of the girder in each test. Before present-
ing the data, an overall description of the testing program will
be given. The objec~ of this report is not to present an ultimate
strength prediction for unsymmet~ical girders, but merely to
present the res-ults of a series of tests where this condition of
unsymmetry exi~ts.
In the testing program each girder panel under investigation
was subjected to one of the three loading conditions: bending.,
shear, combined bending and shear. The report describes the
complete test series in the following order:
girders suPjected to bending are described in Article 3
girders subjected to high shear are described in
Article 4
- and those under bending and high shear are described
in Article 5
The girder geometry and section properties are shown in Fig.
3 and Table 2. All girder test sections had the same cross-
sectional properties. The plates for the top and bottom flanges
-4
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were hot-rolled 8 in. x 5/8 in. and the cover plate used to
create the condition of unsymmetry was a 10 ~ x 3/4 in. flam~­
cut plate. The material properties· for each plate component are
shown in Table 1. All plate material used was specified as A-36
steel.
In an attempt to gain as much informat~on as possible from
this pilot test series, the sequence of .tests was planned so that
-a maximum number of tests would be carried out on each plate girder.
As an example, the following sequence of testing waS used on
.girder UG2. First, a shear test (UG2.1) was performed on a pre-
selected panel, using the reaction and loading configuration shown
in Figs. 6 and 42. After completion of the shear test, the loading
jack'between the two reactions was moved to a point dir~ctly over
the left vertical stiffener of the center panel.- Then by applying
the proper proP9rtional loading to the jack a cQmbined bending
and shear test was performed on the center 'panel of the girder
(t~st UG2.2, Fig. 42). The panel to the right of the test panel
was reinforced by means of a tension diagonal, as described in·
Section 4.3.
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test the lateral bracing was repositioned as needed for the
type of test being performed.
In -each test of this pilot series, care was taken not to
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overexagerate the deformation of anyone panel after the ultimate
load had been reached. This was done in an attempt to keep the
overall girder geometry unaffected by local deformations in the
web of a failed panel.
Having available sufficient ranges of aspect ratio, it was
only necessary toinve~tigate the desired range of the ratios of
shear stress to normal stress for each of the three combined
bending and shear tests so that the interaction between the
applied stresses could be observed in the ultimate strength
behavior.
2.2 Pilot Test Specimens
The pilot test specimens were fabricated from girders that had
been previously tested unde·r an edge loading applied between
vertical stiffeners. As shown in Fig. 2, this type of loading
produced a localized buckle in the compressio~ zone of the web,
restricted to the area just below the loaded flange~6)
To create the unsymmetry about the horizontal axis of the
plate girders, a 10 ~ in. x 3/4 in. flame-cut cover plate was
welded to one flange of the girders. To select the cover plate
material with properties similar to those of the flanges, a
portable Rockwell Hardness Testing device was used.* The hardness
*Riehle Portable Hardness Tester, ModelPHT-2.
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numer of the cover plate was matched to the hardness number of
the flanges. Table 1 shows the yield stresses of the plate girder
components. All three girders, were modified in this manner and
tested with the larger flange and zone of large initial imper-
fections in tension as indicated in Fig. 2. Dimension of all
plate girder specimens are shown in Fig. 3. Cross section A-A
indicated in Fig. 3 is given in Fig. 2.
Each girder had two or three test panels. After failure in a
particular panel the loading arrangement was altered to cause
failure to another panel or group of panels. In order to obtain
the desired stress condition in a particular test panel, it was
often necessary to temporarily reinforce the panels adjacent to
the test·section. As shown in Fig. 6, in Test UGl.l, the two pane~s
adjacent to the test panel required reinforcement. 'Reinforcement
consisted either of additional vertical web stiffeners or of a
tension (or a compression) diagonal brace, whichever was needed to
strengthen the panels. Each method of panel reinforce"ment is
described in detail in the sections pertai~ing to that specific test .
. In the modification of the original girders, it was necessary
to extend all intermediate 'stiffeners to the cqmpression flange in
order to eliminate torsional (local) buckling of the compression
flange plate. The extension ·was accomplished by welding a 4 in. x
~ in. x 7 in. plate to each stiffener, thereby supporting the
compression flange. The size and location of all stiffeners are
shown in Figs. 7, 20, 42 and 43.
328.5 -7
2.3 Instrumentation
Instrumentation of each girder consisted of the following:
- Electrical resistance SR-4 strain gages glued to both
surfaces of the web and flanges of each test section.
Dueo cement was used as the bonding agent for all gages.
Figures 16 and 17 show the location of the strain gages
on the test specimen. Each SR-4 strain gage used,
either as a uniaxial gage or as an element of a rosette,
was read and recorded by means of a B & F multichannel
auto strain digital recorder.* A total of 146 self-
balancing channels were available with the digital
strain output punched directly on IBM data cards. The
B & F I?e corder and card punchoJ: oJ: are shown in Fig. 38.
The digital strain readings from the B & F recorder were
used as direct input into a data reduction computer
program, from which either stresses, strains or principal
stresses and strains were computed.
- Ames dials connected to rigid vertical bases between the
test bed and the underside of the gird~r were used to
measure the vertical deflection of the plate girder for
each increment of load. The vertical deflection dial
also provided a control on the rate of loading during
the test.
* Multi-point strain gage plotting system with card punch output,
B & F Instruments, Inc., Philadelphia, PA.
**IBM 526 Printing Summary Punch
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After each load increment was applied, readings of vertical
and lateral web deflections and strains were recorded. It was
found very convenient to have the numbering sequence of the
strain gages correspond directly to the internal numbering
sequenc~ of the auto-strain recorder channels.
- Whitewash was applied to each girder prior to testing.
The flaking'and cracking of the whitewash provided a
means of visually observing the spread of yielding as
it occurred.
2.4 Behavior of Plate Girder Webs
The lateral deflection of a plate girder web under any in-
plane stress is illustrated qualitatively in Fig. 5. The abscissa'
in this figure rep~esents the deflection of a point on the web and
the ordinate represents the stress.' It can be seen in curve A of
this figure, that if the web of the plate girders is perfectly flat
the lateral deflection is zero until the buckling stress is reached.
At this point, the point of bifurcation, the plate may deflect in
either direction to a new equilibrium position. Then, the defle'c~
tion increases with an increasing load until extensive yieldi~g
occurs and the ultimate intensity of the stress is reached as
indicated by the dashed line. Similarly, curve B of Fig. 5 shows
the lateral deflection of the plate with small initial imperfect-
ions. The curve steadily rises as the web deflection increases
with no point of bifurcation, but with an increased rate of deflec-
tion in the region where the initially flat plate buckled. The
plate continually deflects with increasing
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load until yielding occurs and its ultimate strengtD is reached.
The lateral deflection of a plate with large initial imper-
fection is depicted by curve C, which follows a pattern similar
to that seen in curve B, the only difference being the larger
magnitude of lateral deflection.
In the series of tests on girders reported here, there were
no webs that were perfectly plane--all contained large initial
deflections due either to a previous loading history or to welding
during fabrication. The effect of this initial out-af-plane web
condition can be seen in the load-deflection curve of Fig. 10, for
test UG2.3, and described in Sect. 3.3 of this report. As indi-
cated in this curve the secondary stresses developed due to the
out-af-plane deflection. of the web cause the vertical deflection
of the girder to deviate from the straight line predicted by
simple beam theory (My/I). The beam theory prediction for this
girder is indicated by the fine line in Fig. 10. However, this
condition apparently had no effect on the ultimate strength of the
girder.
2.5 Initial Web Deflections
Measurement of lateral web deflections was accomplished by
means of an Ames dial rig. In the photograph of Fig. 48 the dial
rig is shown in the reference position against a machined flat
surface. The rig consisted of a vertical aluminum frame with a
number of 0.00'1 in. Ames dial gages mounted in the horizontal
direction to the frame. Measurements were taken by placing the
bottom leg of the frame on the bottom flange and attaching the top
328.5
of the frame to the top flange by means of a magnet. By placing
the frame first on the web of the plate girder and then on a'
machined flat surface, and comparing the dial readings, one can
determine the lateral position of the web relative to an
imaginary straight line passing through the edges of the web
plate. The contour plots, Figs. 14 and 15 indicate the lateral
location of the web prior to loading and upon .reaching the
ultimate load.
-10
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3. TESTS ON GIRDERS UNDER BENDING
3~1 Introduction
Investigations carried out at Lehigh University on symmet-
rical plate girders have shown that plate buckling is not a
criterion for failure in welded plate girders. (1) Continued
theoretical investigation led to the development of ultimate
strength design guide lines, which incorporated the influence of
the slenderness ratio, geometry of the compression flange,
stiffener spacing and the web stress redistribution.
This section will be limited to the description of the two
bending tests of the panels which differed only in the length-to-
depth ratio Ct.·
3.2 Test'Set-Up and Instrumentation
Both bending tests were carried out with the test set-up shown
in Fig. 7. The dimensions of the girders were established by the
availability of three symmetrical girders. The only parameter
that could be varied was the distance between the lateral braces
for the compression flange. In both bending tests the geometry of
the compression flange was such that lateral buckling was calculated
to be the mode of failure, since the low flange width-to-thickness
ratio (c/d = 6.4) excluded the possibility of local buckling as the
principal cause of failure. (2)
All girders in this test series contained a web thickness of
0.122 in. in the test section and 0.3625 in. in the end fixture
. i
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webs. The loading condition was determined so that the capacity
of the available jacks was sufficient for the assumed type of
failure. In bending test UG1.2, Fig. 7, the unsupported length
LB of the test section was 114 in. whereas in test UG2.3, LB =
138 in.
The test set-up used was the determinate system shown in
Figs. 6 and 7 with the 110 kip Amsler hydraulic jacks(12) sus-
pended from a box spreader beam supported by the loading frame
superstructure.
The bracing of the compression flange against lateral motion
was accomplished by the use of 2 ~ in. diameter standard steel
pipes pinned to the transverse stiffeners, at points of application
of the load and at selected points along the comp~ession flange.
Since each pipe was long and pinned at both ends, large vertical
deflections of the plate girder could be tolerated without appreci-
able restraint from the lateral bracing. The location of the
lateral,bracing pipes is shown in Fig. 7.
Instrumentation of the bending girders consisted primarily of
electrical resistance strain gages and the lateral web deflection
rig. The strain gages placed on the web surfaces served to deter-
mine the strain distribution in the flanges and the web during the •
complete loading cycle. Figures 12 and 13 indicate the cross-
sectional stress distribution calculated from these strain measure-
ments. Section 3.6 of this Article describes these stresses.
328.5
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3.3 Testing Procedure
The girder behavior for a particular test can be described
with the aid of a load vs. deflection diagram. Plotted in Figs.
9 and 10 is the applied jack load P vs. the vertical deflection
of the girder. The ordinate is given in kips and the abscissa in
inches. At zero load (Load No.1) a complete set of readings was
taken. Then the load was gradually increased to 10 kips (Load No.
2) and another set of data was taken. Application of each load
increment and the corresponding data aquisition required approxi-
mately 30 minutes. As indicated on the load deflection curve, this
procedure was followed up to Load No.8, after which the load
increment was decreased to 5 kips. As can be seen on the load
deflection curve this was the load at which the deflection curve
begins to deviate from a straight line. At this point signs of
yielding were observed on the compression side of the compression
flange. Thereafter the load was increased at a very low rate.
After reaching the ultimate load(the load at which large strains
were occurring with no increase in load), a constant deflection was
maintained until the load stabilized at a lower level. This was
considered to be the static ultimate load.
The post ultimate portion of the curve was obtained by simply
imposing a vertical deflection of a set amount and allowing the
load to settle to a stable value. After obtaining the post ultimate
curve the girder was unloaded in large increments to zero.
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The testing procedure described above was followed for each
of the eight tests, The post ultimate curve shown in Fig, 10 was
obtained only for test UG2.3. In other tests, it was necessary to
stop loading earlier since the program involved the testing of
several panels within one girder. Therefore, the testing procedure
required imposing a minimum of deformation on a panel and still
obtaining the ultimate load. Therefore no tests, with the excep-
tion of test UG2.3, were continued into the post-ultimate portion
of the load deflection curve, but were unloaded upon reaching the
static ultimate load,"
3.4 Mode of Failure
Failure in both bending tests was due to lateral buckling of
the compression flange of test section between points of lateral
bracing. The magnitude and distribution of the compression flange
motion can be seen in Fig. 19 and 52. Although buckling is the
term used to describe the motion of the compression flange, it is
somewhat misleading. In both tests the mechanism of failure was
that of' a continuous lateral deflection of the compression flange.
As the girders were loaded in increments first of ten kips and then
of 5 kips or less up to the ultimate load, there was a gradual
visible lateral motion of the compression flange without the
occurance of buckling, As the out-af-plane motion increased, the
secondary compressive bending stress, superimposed on the beam
bending stresses, eventually initiated yielding of the flange.
328.5
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The yielding of the compression flange extended over the
length of the concave side. However, near the points of lateral:
bracing yield lines appeared also on the opposite edge of the
flange. This fact seems to indicate that the ends, of the
unsupported compression flange are restrained by the adjacent
.panels. If the bracing of the compression flange adjacent to
the test section had been of a continuous nature, such as a
composite concrete deck instead of isolated pipe braces shown in
Fig. 7, the failure mode of the unsupported compression flange of
the test section would have been that of a fixed end column.
3.5 Web Deflection Contours
The purpose of the graphs in Figs. 14 and 15 is to visually
represent the pattern of deformation of the web of a girder during
a loading cycle. Girder UGl.2 was selected as a representative
sample for the description of the web deflection pattern of a test
panel of a plate girder subjected to bending. Figure 14 shows
the initial deflection contours of the panel before the appli-
cation of loading. Figure 5 shows the contour plot at the ultimate
load. In order to locate the points of measu~ed deflection within
the panel, the locations of which are defined by an (X), a
Cartesian coordinate system was used whose origin is at the lower
left corner of each panel (Fig. 7). The XY plane coincides with
the plane of the web. In Fig. 7, the Z axis is positive pointing
out of the plane of the paper. The lateral bracing pipes are in
the positive Z-direction.
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The deflection contours contained in this report were
developed from a numerical approximation of the plate surface
from the deflections measured at a series of points. (11) A
computer program (IBM 1130 Numerical Surface Techniques and Contour
Map Plotting Program) was used for defining the deflection surface.
The contour maps were developed on the IBM 1627 Plotter.
3.6 Bending Stress Distribution
The test observation discussed here is the distribution of
membrane bending stresses through the depth of the cross section.
These stresses were calculated from measurements SR-4 taken by
means of electrical resistance strain gages mounted on both sides
of the web and flanges. For a comparison, the bending stresses
according to beam theory err = My/I) were calculated. Figures 12
and 13 show the experimental stresses obtained from test UG1.2
for various points in the test section. The heavy line indicate
the measured values and the fine line the stresses calculated from
beam theory. It can be seen that as the load increases the
compres'sion portion of the web carries lower stresses than
predicted by simple beam theory. Thus it can be concluded that
the out-of-plane motion of the web causes a decrease in the membrane
strains for that portion of the web. This has been: also observed
by previous r~searchers, for example' in Ref. 2
3.7 Discussion
As described in Ref. 2, the mode of failure of a symmetrical
girder will be that resulting from lateral-torsional buckling of
328.5
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the compression flange column. It was observed in this test
series on unsymmetrical plate girders under bending that failure·
was primarily due to yielding of the compression flange with
considerable lateral deflection. There were no visible signs of
rotation of the cross section.
The measured compression flange stress shown in Fig. 11
indicates a very good correlation with simple beam theory up to
about 50% of the ultimate load. 'The deviation from the simple
beam prediction at the higher loads was influenced by the large
lateral motion of the web and flange. It was this out-af-plane
motion that initiated yielding of the concave edge of the
compression flange and led to failure.
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4. TESTS ON PANELS UNDER DOMINANT SHEAR
4.1 Introduction
In the analysis of thin web plate girders under high shear
presented in Ref. 3, several limitations were imposed on the web
stress pattern, flange rigidity and plate boundary conditions of
the girder, in order to obtain a general formula for the ultimate
shear strength. Also, it was postulated that the strength of a
plate girder is developed by the sum of two contributions, namely,
the strength of the web alone in its pre-buckled state, and the
strength produced by the post-buckling action in the form of a
tension field. (3)
This section of the report presents the results of the three
shear tests conducted on three unsymmetrical plate girders, UGl.l,
UG2.1, UG3.1. The girder geometry is shown in Fig. 3 an0 the test
results in Table 4. Included in this section are curves showing'
the stress distribution in the web plate and flange plate compon-
ents; and a contour map representation of the deformations of the
plate.
4.2 Test Set-Up and Instrumentation
The test set-up used for the shear test was a simple span with
an overhang, as shown in Fig. 20. With the load locations shown in
Fig. 6 a pure shear condition was maintained at the center of the
test section with a zero moment there and small moments at the
edges of the panel. The loading equipment and test fixtures were
328.5
essentially the same as those used in the bending tests, the
difference being the location of the loading jacks and reaction
fixtures necessary to obtain the desired moments and shears as
shown in Fig. 6 and the location of the compression flange
restraints as shown in Fig. 20.
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Instrumentation of the shear girders consisted mainly of SR4
strain rosettes for the determination of the state of stress in the
web, primarily in the tension field zone and in the areas adjacent
to the tension field zone.
The location of the strain gages was selected basically with
the intention of determining the principal stress pattern in the
web prior to and during the formation of the tension field.
Because of the wave formation characteristic of the tension field,
large secondary bending stresses were expected. With this in mind,
strain rosette locations were selected by first assuming a tension
field wave pattern and the placing the rosettes in positions of
least curvature within the field and along the ·boundaries of the
assumed bending pattern. Figures 16 and 17 show the rosette
locations.
4 .. 3· Tes ting Procedure
The test procedure was the same as that described in the
bending test section (Sect. 3 .3).
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The loading program, as depiected by the load-de·flection
curves in Fig. 21 and 22, consisted of applying proportional loads
to the Amsler jacks in regular increments until inelastic behavior
occurred. In each shear test inelastic action waS initiated in
the form of local yielding in the web panel at the anchor zones
of the tension diagonal. After each load increment, diagonal
deformation, vertical deflection and.strain readings were taken.
The loading was terminated when the ultimate load, as indicated by
a substantial increase in the vertical deflection with no accom-
panying increase in the load, was obtained. At this point the load
was allowed to stabilize at a lower level. This load was consi-
dered the static ultimate load. Then the girder was unloaded in
increments to zero. Again, strain rosette and deformation readings
were taken at each load.
To accomplish several tests on one plate girder, it was
necessary to tempora~ily reinforce panels adjacent to the test
panel. Since a shear test would cause failure to occur in the web
of one panel onl~ the overall geometry of the girder would remain
essentially unchanged. Therefore with simple relocation of 'the
reactions and loading jacks additional -t.ests could be 'performed on
the previously reinforced panels. In all tests conducted the
failure occurred only in the panel un~er investigation.
The temporary reinforcement of the adjacent panels in test
UG1.l was accomplished by external tension diagonal braces. As
shown in Fig. 37, two 1 in. diameter bars, supported by 6 in. x
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6 in. angle yokes, were fastened to both sides of the plate girder
panel. The tension diagonal braces were then drawn up snug to the
top and bottom flanges by means of the nuts on the threaded ends
of the bars. As the shear force was applied to the panel, both
the diagonal bars and the web of the panel acted as a unit provid-
ing an increased shear carrying capacity. Thus, a premature
failure in that panel was .prevented while the adjacent panel was
tested.· This type of reinforcement was also used to prevent
failure of a panel during test UG2.2, Fig. 42, a test under
combined bending and shear. The results of that test are discussed
in Sect. 5.4.
4.4 Flange Stresses
Figure 24 is a plot of the longitudinal flange stress calcu-
lated from the readings of the linear strain gages mounted on the
top and under side of both flanges. The dotted points in this
figure give the stresses calculated from the test data and the
fine line gives the stresses calculated from simple beam theory.
The stresses were obtained from the moments at the edges of the
panel. A careful study of this plot indicates. that as higher loads
were applied, the flange stress deviated considerably from the value
predicted by beam theory. This means that the formation of the
tension field leads to an increase in the flange stresses in the
anchor areas of the tension field. In the other corners of the
test panel the increase in the flange stress is smaller. The
increase in stress in the flange due to the formation of the
tension field would analogously. lead to an increase in stress in
328.5
the vertical stiffeners. However, in ~his pilot study the
vertical stiffeners were not instrumented to obtain information
necessary for an analysis of their behavior.
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4. 5 Web Stress Distribution
From the strains measured during the experiment, membrane
stresses and principal stresses were calculated. Figures 28, 29,
and 30 give the maximum principal membrane shearing stresses in
the web plates of girder UGl.l, UG2.1 and UG3.1 respectively, as
obtained from these strain rosette measurements. Also shown in
these figures are the stresses calculated by means of simple beam
theory (~ = VQ/lb) for points located at the centerline of the test
panel. Figures 25, 26, and 27 show plots of the maximum shearing
stress at the center point of each test panel as calculated from
the strain measurements versus the applied shear force, V. The
fine lines in these figures represent the predicted values as
determined from beam theory. It can be seen from these curves
that the simple beam theory· for a state of pure shear descripes -the
in plane behavior of the web plate, both before and just after the
formation of the tension field.
4.6 Diagonal Deformation Readings
In an effort to observe the action of the web panel under high
shear, Ames dials were affixed to the corner points of the test
panel by means of small gusset plates glued to the stiffener and
flange, near the toe of the weld. The plot of the diagonal defor-
mations is shown in Figs. 21 and 22, together with a plot of the
328.5
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vertical deflection. A comparison of the tension and compression
diagonal deformations illustrates the extent of the overall
shearing distortion of the panel.
Several attempts were made to obtain accurate diagonal defor-
mation readings. All except the one mentioned above did not give
the desired accuracy. One approach attempted was to glue small
brass targets to the corners of the web, close to the flange stif-
fener intersection. With mutually perpendicular scales mounted to
the corners of a rigid frame surrounding the panel, the relative
movement of the targets were measured by means of optical levels.
Another approach was to measure the diagonal deflection by means
of a variable length extensometer. This approach proved unsatis-
factory because of the flexibility of the extensometer.
4.7 Web Deflection Contours
Figures 3lth~u36 show the lateral~eflections of the web in
the form of contour maps. The initial deflection of the plate
panel can be seen in the contour plot at zero load (Fig. 31).
The initial deformation is the largest in the zone above the
bottom flange. As the load was increased, the lateral deflections
gradually changed to form a wavelike pattern orientated in the
direction of the tension diagonal as shown in Fig. 32. Figure 33
gives the deflection pattern for the web panel in shear test UG2.1
at the ultimate load. The inclination is very definitely along the
tension field of the panel, but is somewhat less than that of the
panel diagonal.
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4.8 Mode of Failure
In all three shear tests the mode of failure was yielding of
the web along the diagonal· zone. In each case yielding was first
observed at the corners of the panel in the so called anchor
zones of the tension field. The yield pattern gradually extended
into the web along the diagonal zone, as large curvatures developed
due to the wave formation along the tension field. The photograph
in Fig. 51 shows the initiation of yielding in the anchor zone.
Figure 49 shows the typical pattern of yielding upon reaching the
ultimate load.
4.9 Discussion
The experiments described here were conducted to determine the
behavior of unsymmetrical plate girders subjected to high shear
loads. The tests were primarily concerned with the' stress distri-
bution in the web before and after the formacion of the tension
field.
The web deflection contours serve to illustrate the changes in
the lateral deformation pattern of the web as the. shear load on
the panel is increased.' These curves also serve as a qualitative
.-
indication of the true inclination of the tension field.
In order to obtain insight into· the state of stress within the
web panel, Figs. 28, 29 and 30 indicating the principal membrane
shearing stresses were prepared. Figure 49 illustrates the failure
mode that is typical of a panel under a high shear.
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As indicated in Fig. 24, the experimental ultimate strength
of a panel subjected to high shear and low moment is consistently
about 18% higher than predicted by the methods presented in Ref. 3.
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5. TESTS ON GIRDERS UNDER COMBINED BENDING AND SHEAR
5.1 Introduction
The girder tests described in preceding Articles were
restricted to loading conditions of either pure bending or very
high shear. This Article will describe and discuss the tests on
unsymmetrical plate girders under a loading of both high shear
and bending.
A total of three combined bending and high shear tests were
performed, UG2.2, UG3.2, and UG3.3. The loading arrangements of
each test are shown in Fig. 6. The· complete behavior of each
girder is described by the load-deflection curves of Figs. 44, 45,
and 46. The same testiDg procedure was followed as described in
Section 3.3.
5.2 Testing Procedure and Set-Up
The test set-up for gi~der UG2.2 was described in the preceding
section Sect. 1.1. Girder tests UG3.2 and UG3.3., shown in Fig. 43,
indicate that the test set-up:was that of a-simple beam for both
tests.
It would be appropriate at this time to describe the sequence.
of tests on girder UG3. After completing a high shear test (Test
UG3.1) on the test panel nearest the right reaction as shown in
Fig. 6, the reaction was relocated to form a simple beam condition.
One loading jack'was placed at the mid-point of the girder. The
object was to test one panel while temporarily reinforcing the
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adjacent panel in such a way that no local disturbances would
affect the tension field anchor zones. Since, as shown in Fig. 6,
the mid-point loading caused opposite shears in the left and right
panels, a simple compression diagonal strut between the tension and
compression flanges could act as a temporary reinforcement without
disturbing the tension field anchor zones in the other panels. A
tension diagonal reinforcement would have caused undesired distur-
bance .. A simple analysis revealed that a 24 sq. in. wood strut
would be sufficient to reinforce the panel during the test.
Therefore, two four-by-four struts were cut to fit on both sides
of the web along the diagonal of the panel. Figure 55 is a
photograph showing the wood strut reinforcement. This system
performed qui~e successfully in preventing failure of that panel.
After completing test UG3.2, the failed panel was premanently
reinforced with half inch vertical stiffeners, cut and welded to
fit the outline of the deformed panel, thereby enabling the th~rd
-and final test to be carried out on the panel to the left of the
applied load. This test (UG3.3) had a moment to shear ratio
similar to that of the previous test (UG3.2). The M/V ratio for
each combined bending and shear test can be seen in Fig. 6.
5.3 Mode .of Failure
The failure in test UG2.2 was typical of girders under high
shear, with the yielding of the web along the tension 9iagonal.
All deformation and plastic action was confined to the web with no
effects on the flanges or stiffeners.
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Failure of test panels UG3.2 and UG3.3 was a combined web
plate and flange failure. As indicated in Figs. S1 and 53, the
compression flange underwent considerable lateral deformation.
Xielding of the web along the diagonal of the panel occurred
simultaneously with that of the compression flange. It was
observed that neither yielding of the web panel nor of the
compression flange was the primary mode of failure, but an inter-
action of both mechanisms. ' The photograph of Fig. 49, depicts
deformation pattern assumed by the compression flanges of tests
UG3.2 and UG3.3. Correspondingly, Fig. 51 indicated the type of
failure which occurred in the web panel of UG3.2.
5.4 Discussion
The primary importance of these tests was to obtain experi-
mental evidence concerning the interaction between shear and moment
for unsymmetrical plate girders.
As indicated by the in~eraction curves, Fig. 47, the girder
under high shear and small moment, Test UG2.2 exhibited a greater
strength than predicted by the interaction curve" although the
strength of this panel was less than' what of test panel UG2.~,
which had. the same geometry but was under only a high shear loading.
This suggests a considerable interaction between the shear and
bending. As the moment to shear ratio increases, tests UG3.2 and
UG3.3, the girder strength fell within the interaction envelope.
It should be noted that a comparison between the test results and
the plotted interaction curve can be only tentatively superficial
328.5
since the tests ,were conducted on' unsymmetrical girders and the
intera.ction curve was developed for symmetrical girders.
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6. SUMMARY
This summary describes the results of eight static tests
p,erformed on three unsymmetrical plate girders. 'In this
discussion the tests are grouped according to the type of
loading--bending, shear, or combined bending and shear.
The results of the two bending tests are summarized as
follows:
1) The ultimate loads were limited by the strength' of
the compression flange failipg as a column in the
lateral-torsional mode.
2) The ultimate loads obtained were six and nine per
cent above those predicted by the current methods
for symmetrical plate girders.
The results of the three dominant shear tests can be summa~ .
rized as follows:
'1) Considerable post-buckling strength of the girders
was developed due to the formation of the tension
field.
2) The mode of failure was that of general yielding
of the web along the wavelike pattern formed by
the tension. field.
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3) The inclination of the tension field deformation
of the web, shown in Fig. 31-36, was less than the
inclination of the diagonal of the panel.
4) The ultimate loads obtained were consiste,ntly 18
per cent above those predicted by the methods for
symmetrical plate girders.
The results of the three combined bending and shear tests on
unsymmetrical plate girders were as follows:
1) The failure mode of the girder under high shear and
low moment was that of a tension field web failure,
whereas the failure mode for the girders under high
shear and high moment was a combination of the column
strength of the flange and yielding in the tension
diagonal of the web.
2) The interaction failure envelope for symmetrical
plate girders does not predict the ultimate
strength of unsymmetrical plate girders. There
appeared to be a decrease in shear strength with
the addition of a small moment. The 'tests under
high shear and high moment indicated a considerable
decrease in strength with the addition of a high
moment: .
Valuable information was obtained from these tests towards the
development of a theoretical approach for the ultimate strength
analysis of unsymmetrical plat~ girders. Additional tests are
328.5
needed on plate girders with a larger portion of the web in
tension rather than in compression as were tested in this
program. More tests are also desirable on girders under tlle
combined loading of high shear and high moment.
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7. TABLES AND FIGURES
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ELEMENT SIZE
'* AVERAGE YIELD STRESS (eTy)
GIRDER UG I GIRDER UG2 GIRDER UG3
TOP
allx 5/8 11
(KSI) (KSI) (KSI)
FLANGE 34.2 36.7 33.3
BOTTOM all x 5/ell 33.3 36.1 34.9FLANGE
BOTTOM
10 ~211 x 3/4"FLG. COVER 35.5 35.5 35.5
PLATE
WEB 36 11 X .122" 43.4 43.4 43.5
OVERALL
25'-0" 301-0" 301-0"GIRDER
LENGTH
* All Material Specified as A-36 Steel
Table 1 Plate Properties and Dimensions
LOCATION I (IN.4) SUN.!) S~N.!)XX T
TEST SECTION· 5665.9 224 448
END SECTION 6019.5 224 454
Table 2 Section Properties
GIRDER TEST
LOADING
ASPECT SLENDERNESS LOCATION OF FAILURENO. NO. RATIO Ca) RATIO ({3)
UG 1.1 shear 0.8 295 I rnLJ I
UG I
UG 1.2 bending 0.8 295 I r:rn I
I ~ IUG 2.1 shear 1.2 295
i ~ IUG2 UG 2.2 combined 1.2 295
rrn IUG 2.3 bending 1.2 295 I
~ IUG 3.1 shear 1.6 295 I
~UG3 UG 3.2 combined 1.6 . 295 I I
I ~I IUG 3.3 combined 1.6 295
Table 3 Summary of Girder Tests
LN
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lJl
I
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GIRDER alb bIt Aw/Af "7 L
p8X pth p8X/pthNO'. (KIPS)
UG 1.2 .8 295 1.2 .19 114 78 73.4 1.06
UG 2.3 1.6 295 1.2 .19 138 63 57.7 1.09
SHEAR TEST RESULTS
.-
GIRDER alb bIt "., Vex V~h V8~v.thNO. (ki ps) (kips) u
UG 1.1 .8 295 .19 88.8 79.0 1.12
UG 2.1 1.2 295 .19 76.0 64.8 1.17
UG 3.1 1.6 295 .19 68.0 55.0 1.19
COMBINED BENDING AND SHEAR TEST RESULTS
GIRDER alb bIt 'TJ Vex Mex/Mth VJh V8x/\lthNO. u u
UG 2.3 1.2 295 .19 70 0.43 65.7 1.07
UG 3.2 1.6 295 .19 43.8 1.02 55.4 0.79
UG 3.3 1.6 295 .19 42.3 .985 55.4 0.77
Table 4 Test Results
328.5
Vertical
Stiffeners Concrete Deck
Plate Girder
ELEVATION
-37
Moment
Diagram
General Plate Girder
sl
2
d
2
Top Flange
Web Plate
Vertical
Stiffeners
N.A.
7}d 2
Bottom Flo nge
Symmetrical
Cross Section
Composife Deck/
Unsymmetrical
Cross Section
Orthotroplc
Deck /Unsymm.
Cross Section
Test Girder
Unsymmetrical
Cross Section
Fig. 1 Typical Cross Sections of Unsymmetrical
Plate Girder
---- -- --_.--
lJl
eN
rv
en
Stiffener
Zone of
Imperfection
Uniform Load
~
3611
I II~
ELEVATION SECTION
Symmetrical Plate Girder
Under Edge Load
SECTION
Stiffener
Extension
Additional
Cover Plate
~V)M
ELEVATION
, 1 ~
"~ ~ ~
, ,
\
- - -
~M
Unsymmetrical Plate Girder
Fig. 2 Modified Unsymmetrical Plate Girder ILN
CX)
7 1-0 11
8 11 X 5ts" Flange
~ l--6u
3@ 2 1-0 11 .11-0111 1611
Vl
LN
rv
CD
3611
o
Web I36"x34s1
Splice Web
Iltznx IY2 11 Stop Lugs
Symmetrical About tl
10 V2 11 X 3/4 11 b
361lx~611
2-4"x ~II Web
2-3"x~I-·-2-3'~
4 11x 7 11x 1/2 11
TEST GIRDER UG I
4~81111 r- 0 11",5,.-11
I II ! II 36"x !IsII LWeb ~ 3611X~611 II U
I---""2- I
4ux~" 2-3
lt
x3ts 2-4IX~1I ~ 2-3"x 3/811
I Web lSplice Web
V ~ -~ ~-~, ~ 36
1
I 1 I
2-4I1XY21l~ H stall
i I 0 ~
1lo.
i I
, . _II
IOV2 X""4 4 e
3@ 3 1-7 Y4 11 2@ 2
1
-611 6 11
TEST GIRDER UG 2
2-4IX~1I A all x 5tJ:l II Flanae
~ II I I "36 11 X Vs II WebI I Web 36 11x3'1s1
f--2-3I1 x3/all -2-4"x~2--l ~2-311X~811~ ISplice v-ff- 3611 WebI VI 0I AI I
3"--1-L-A 43ta IOV211X 3/4 11 Plate~ --I ~311
6 11 2@ 4 1-9518 11
151-011
611
TEST GIRDER UG 3
Fig. 3 Elevations of Test Girders UG1, ·UG2, UG3
I
LN
c...o
328.5
-40
FV (Comp.)
1-- - .................. .......-. ...... ---I
Fy Fb
~ ~
~ ~~ t~ ~~--~
~ ~
Fy
--- ----II ........ ~ ......... --- -...- cFb
Fy (Ten.)
Fig. 4 Typical Stress Condition on Web Panel
STRESS (cr)
Perfectly Flat
Small Initial Imperfection
Large Initial Imperfection
Post Buckling
Behavior
Pre- Buckling
Behavior
t
WEB DEFLECTION
Fig. 5 Lateral Web Deflection VS. Stress
328.5
-41
v
I
bPd
I V -1.52P
M~I~
M=21
11
p -'-M=86.5"P
TEST UG 1.1
(shear)
v=p
TEST UG 1.2
(bending)
~
1
I V=1.57P ~ ~=P
M=2,34" p ! V=3.44 P
T
I ~=P
V-ci ================1rH -
Ltl ~=4.27P97.g"pL I
M__II!!!!!!!!I:=:==::::+~:::I:ii--'-.-c:-----!=:==---
TEST UG 2.1
(shear)
TEST UG 2.2
(combined)
v=p
VI
----J~~pM~
TEST UG- 2.3
(bending)
TEST UG3.1
(shear)
I I ________---...1
1
TEST UG 3.3
(combined)
Fig. 6 Loading Diagrams
IN
tv
OJ
V1
3 1-1 ~211~
II
"
II
II
~6l1Web
10 1-311
I _1~~UX~u
~
3f1611 Web
Lateral Bracing
Pipe
4 11 X ~211
ELEVATION OF TEST SET-UP UG-L2
Fig. 7 Test Set-Up - Test UG1.2 I
..p:.
1'0
l.N
f'0
Cross Beam IJJ coII V1
r-F1T+, Ff+1 ~+1+ +
-!I 1+ +i 1 I I l+ +1+:1+ 1 1+ +1+ +, 1+11+ 1 I+~+I :+ +
. +1 I II I I IL±IL+J L±li.J 1+++1 I-+- +
I
-~I III Spreader~II,I Beam ~
I
II
I \"BuildingII IIII !, Column
I' Amsler Jacks
"
I
~I I \I,III,~ I B '\" Lateral BracingII
II
!I II Test Girder l__~:::~e_::~e::_ll ________II(\J ,II II"icl ,III
,I ---------------l-v--------
II (Negative Moment) .1~ BearingII Support
Q
I
rc>
SECTION A -A (typJ
Fig. 8 Typical Cross Section Through Test Set-Up I
..p:.
LN
,328.5 -44
24' -a..
Girder UG-I.2
3.0 VERTICAL DEFL.(IN.)
1-
Test Section
Indicated by
Solid Line
2.01.0o
EXP80 p __ ,.-- .........
U 15 I
I
I
I
40
20
60
F~g. 9 Load-Deflection Curve - Test UG1.2
60
40
20
o 2.0
291-0"
Girder UG- 2.3
3.0 VERTICAL DEFL. (IN.)
F:j.g ..10 Load--Deflection Curve - Test UG2. 3
80 p~xP. =73.4K
328.2
LOAD P
70
60
50
40
30
20
10
o 10
1
-I
I
. I
T
-
Elavation
I' I
o IS.!.8
20 30 40
AVE. FLANGE SRESS (KSI)
Fig. 11 Compression Flange Stress
-45
328.5 -46
Ten. Comp.
Bending Stress Distribution at Centerline
- Test UG1.2
~---
Bottom
Flange
Fig. 12
cr KSI 10 20
NA
30
Test UG 1.2
x=o
@ l of Test Section
30
NA
Test UG 1.2
x= 15~8
@ Vertical Stiffener
2010cr KSI
-~
Q)
Top -10FI ange --....--------,...---~-----..------.--
Comp.....-.--t----"-&iIIIIIlIawo Te n.Bottom
Flange
Fig. 13 Bending Stress Distribution at Stiffener
- Test UG1.2
328.5
4ChCXXJ
-47
gs.CXXJ
Q,OCO
c{hCOO
EENJIN3 P,AJ\EL WEB CEFLECTIONS, GIRCER LJ3.1·2, l,JJAD I\l..Jt...1EER 1.,CCN~ INTERVA.L=. os
Fig. 14 Contour Plot of Web Deflections at Zero Load
- Test UG1.2
(Right-Panel of Test Section)
328.5
Pig. lS Contour Plot of Web Defleotions at Ultimate
Load - Test UG1.~
(Right-Panel of Test Section)
-48
328.5 -49
2" 411 211
=-l1nr
-I
~ II
I
II
~ II
II
~
II
=:.-T - -21~1I-J ~ ~2V211
f
36"
~.A.I ~~OO
(Shear)
Rosette Group
Refetence No.
n
- - -
n
l I l ~13 - 71s - 1571 ~= - =~ ~r\4 '110
24314" III 71 6 19.111 ~
"~ '"j2 It:. 7 ,~18~ _ ~ ~
--
I--- -
-
111;4"
r"'3- 14 8 17~ - -
I lI' ,::j12"-14 "9 16:al It.
'"
~
--g- J - u -TEST UG 1.1
n
- - - -
...
l l l - = - = - ~= - = ~ ~
24 3/4"
k
-
~
- -
~
""i' k
-
~
- -
~ ""~
-- -
~ - -
-
N.
- -- - - - -
IIV4"
- - - - - -
>;;;1' u
- -
TEST UG 1.2
(Bending)
A.
II
II
--.1- - -
_ -1'-
--d;
~ II11
A. lld'" II
;-~ II
00
Rosette Group
Reference No.
TEST UG 2.1
(Shear)
- - -
~RIS 8R I::';
24 3/4 "
20~ k.1613"- 9"- 2~
"
141' "'~, 21~ "'17 10k. 3.:-.1
- - - -
~6 N.
IIV4"
1£.18 11"- 731 4~
It:.19\ 17k 5~
- ~ -
- -
~IO ?t6 171 J~ 15 -J~
kll 2..» 1l!.16
243/4 "
kl2 "-7 "f'.'~ 3"» 1L17I N.A
- ILI3 - k:.a 4~ It. 18 -
111;4",
"-14 ,,-9 !5~ 1£.19
- -
11
II
II
II
=:-fi- -
TEST UG 2.2
(Combined) " - SR-4 Strain Rosette
.... SR- 4 Un i-AxIa1StraIn
Gage
Fig. 16 Strain Gage Locations
328.5 -50
TEST UG2.3
(Bending)
II
II
II
II
\
I Y4 11 20V4"~ I-
- - - -
- - ~- = ~
24 3/4 11 ~ - ~ '"
-
~
"-",
- -
~ Ie:.
-
.s '~
- - -
II Y4 11
- - - - - -
- - - -
- - - -
II
II
II
II
TEST UG 3.1 (Shear)
TEST UG 3.2 (Combined)
R tt G088 8 roup~
IY4" 11 11 J6 V211 16'1211 11" IY4"Referenoe No,. ~l" -I -1- -I- "1~
l '19 ?I ~- ~4 r::7 ~12 18 71 J
24 3/4 II 20 "
~I ~& ~8 18~
"
21i1 1'2 r\& ~9 ~13 17~ I'~
- - ~IO - -~14
IIV4"
~ ,,3 ?III 18~
- - -
- - - -
j ll~1 ~& ~7 "'110 12" ~~Ie ~.
24 3/41 ~2 la~ ~17
" "'3 r::'& 14 ~ ~18 '~
- - -
IIV4"
"4 IL' ~8 ~1I I~
- -
TEST UG 3.3
(Combined)
=L.L
~ II
~ IIQ)
II
II
t:
II
'!.."fi -
Fig. 17 Strain Gage Locations
Fig. 19 Compression Flange
Failure - Test UG1.2
Fig. 18 Test Set-Up - Test UGl.2
LN
1'0
en
Vl
I
Ln
ra
__ J
_I
l.N
N
en
U1
:1 I
II
II
3J1611 W-eb3611
all x 5/all
Amsler Jacks ...~
14'-6" ftjI· -~ all 5, II II I II 4" '" II ~6 ,X'a ,-4 x V2 x 2 -.... 8
4 11 X l'211
IO~2I1X 3J411
11-. II ~ III la II
II. 3 X '"7811 (typJ Ya Web
Latral Bracing
Pipe
ELEVATION OF TEST SET -up UG 3J
Fig. 20 Test Set-Up - Test UG3.1
I
U1
rv
328.5
V=4.27P P
Fig. 21 Load-Deflection Curves - Test UG2.1
-53
328.5 -54
.16 DIAGONAL DEFLECTION (IN.)
.6 VERTICAL DEFLECTION (IN.)
I .-
.4
.02
o
V=2.62P P
28
'V EXP
----
24
Tension Dieg.
Deflection60
20 174'"
,- -l
16 3.05 P P
30 12
1- 24311TEST
4
_Fig. 22 Load-Deflection Curves - Test UG3.1
328.5
Vu
(KIPS)
90
70
50
30
10
• Test Points
-55
o 0.8 1.2 1.6 aId
ASPECT RATIO ((1)
Fig. 23 Shear Test Results
328.5 -56
3 II24 Y4
--- L------I-----+1t--
'TEST UG 2.1
3.0
2.0
I~~~~§~~~~~~~
CT (KSI)
6.0
5.0
4.0
3.0
2.0
1.0
:t~------~~~-I-------
-1.0
-1.0
-2.0
-3.0
- CT (KSI)
Fig. 24 Flange Stress - Test UG2.1
328.5 -57
v (kips)
40
Tmax. (ksi)
322412 1684
VTH
80
V~
,; 70
60
50
40 TEST UG 1.1
30
*ROSETTENO. 7
V= 1.52 P
20 I~-VCR
*At Mid- Point
of Test Panel
Fig. 25 Maximum Shear Stress vs. Applied Load
- Test UG1.l
328.5 -58
v (kips)
80 VTH
.' \It TH70 U,
60
50
40
·30· TEST UG 2.1
"ROSETTE NO. 10
20 V= 4.27 P
o.
j
rVeR
*At Mid- Point
of Te$t Panel
0 4 8 12 16 20 24 28 32 36 40 44
'max, (ksi)
Fig. 26 Maximum Shear Stress vs. Applied Load
- Test UG2.1
328.5 -59
v (kips)
VTH
80 (Beam Theory)
70
60 vJl
30
40 TEST UG 3.1
..
30 ROSETTE NO.9
V= 2.62 P
20
• At Mid- PointrVeR
of Test Panel
..
:
0 4 8 12 16 20 24 28 32 36 40 44
'max. (ksl)
Fig. 27 Maximum Shear Stress vs. Applied Load
- Test UG3.1
328.5
o 20 4.0 8.0 8.0 10.0 20.0 Tmax• (ksl)
-60
Rosette~
Number '6
Load
Numbers
8
Bottom
Flange
kof Test Panel
TEST UG 1.1
Fig. 28 Maximum Shear Stress Distribution at
Centerline of Test Panel - Test UGl.l
328.5 -61
4.0 8.0 120 16.0 20.0
II
Load 10
Number--.-.-~
BottomjFlange
TEST UG 2.112__-..&.--. ~____..._ __'___ _'__...&...._ _
I
Top
Flange
Rosette~
Number "'9
Cl of Test Panel
Fig. 29 Maximum Shear Stress Distribution at
Centerline of Test Panel - Test UG2.1
328.5
o 20 4.0 6.0 8.0 10.0
Top
Flange
Rosette~.
Number "a
Load ----1---.._1
Number
9
10
Bottom1Flange
Test Panel
20.0
< TEST UG 3.1
'max. (ksi)
-62
Fig. 30 Maximum Shear Stress Distribution at
Centerline of Test Panel - Test UG3.1
LN
rv
CO
Ln
4)·axJ
x
.o~
a·CIX)
X
.019
a-em
X
.04-1
a-aD
X
.018
O~CJX)
X
.011
X
.032
O-fXI)O.aD
X
-~
... X ~O~ X
~ O-c:m ~003 .OO~.038
,------ ---X~·IO ~ X
-.067 ~-~'~5
~ -21
6
O-a:D
5-CXD
al-an
2:i-aD
&aXJ
=-aD
JD-aD
::;O-QlJ
o-cxn O-aD a.aD O-aD O-CIX) o-cm a-aD O-tXD
a-aD 5-CXD .w.a:o S-aD al-aD is-aD 3"aD as-CO) 4)·CXXJ e-a:o
~p~ WEB LEFl....ECTII:J. GIFa:ER l.E2-1.. LCWJ N...M:ER 1..CD'JTO.R INTERVAL=-C15
Fig. 31 Contour Plot of Web Deflections at Zero Load
- Test UG2.1
I
m
LN
4O.CXD
:F£i.CXD
3:)·CXJO
ES·CXJC)
a:>.lXX)
1S.CDQ
1O.CDO
S.lXO
a.aD
a
o·CIX)
O.CXX) S.aD
o·CIX)
jj).aD
a.(D)
:is.aD
a.a:xJ
a:>.a:c
a.aD
ES.cxx)
a.CXX)
3:).CXXJ
a.aD
::Ei·COJ 40.0:0
a.a:o
E.CXX)
LN
tv
OJ
Ul
9'-Et'R PHa.... WEB CEFLECTIctS" GIRCER l.J32 .. .1." L.ClI\O~ 9 "a:NTa.R INTERVN-=-05
Fig. 32 Contour Plot of Web Deflections at Intermediate
Load - Test UG2.l
I
m
..f::::.
4Q.a:D
3i.CXD
3J.CX:O
as-aD
00-0:0
s·c:co
1O·CCO
5.a::o
O-a:D
LN
I'0
OJ
V1
o.a::o
a-em S·aD
a-aD
W-aD
o-a:o
is.co:>
a-aD
a)-ax>
o.a::o
i:5-CJX)
a-aD
.:D~COO
o-cco
33-CXXJ 4)..0:0
O-CXD
45·a::o
SJ-EAR PN\EL WEB tEFlECTIO£. GIRCER l£2-1.. LOAD N...MER .12 .C[J\fTil..R INTERVJ\L:;;-OS
Fig. 33 Contour Plot of Web Delfections at Ultimate Load
- Test UG2.1
I
01
U1
LN
tv
co
V1
.«J.aD
0.0:0 / o-e:m--- - o-~ --o-a::o _
X X X X
.on ~
X ------ x ----x-
"':.0.. --j3J -.......... -.0403
a-emO-a:D
X(::> .021
~,X
.oN
...--
X
~D17
s-cm
O-OXJ
jD-QD
2:i.aD-I- X / / x/" ~ /x
----- 8 ~
x x ~ X
--315 ~
CD-QD -- ~
S-CID
a:;-aD
3J-QD
a-em 0-(0) a-CXX) a-aD o-co) 0-0:0 o-a::o 0-0::0
O-aD S-<Xl) .10-0:0 15-0::0 aJ-CCO 25-a::o 3).a;:o 35-a:o 4Q.CJX) 45-(xx) SJ-a::o S-CCO B:J.a::o
9-EI\R pAf\EL WEB CEFl...ECTIO'£~ GIRCER LG3 ... ~, LOAD NLt.E3ER 1... .a::NTUR INTERVAL:::::·05
Fig. 34 Contour P~ot of Web Deflections at Zero Load
- Test UG3.1
I
OJ
OJ
LN
I'V
OJ
en
40·0:0
5.cm
0-0:0
ED·CXXJ
s·oco
10-0:0
;:s.cro+ o'rn o·cro O-CD) o-cx::o '-"Q.cx:xJ
>-- X -- x\
.0$1 .054- .075 0.006
X
~'=r J(~ -:1-4Il=. .o8eX %~o· •.134 ~
cs:.a::o
0-0:0 o·a:o 0-0:0 0-0:0 a.a:n 0·0:0 a-em O-QX)
ro·COJ$.CXX)9).CXX)45·a::o3J.=X::OCS.COJaJ-a:o1S-(D)m-(D)5·a::oa-OX)
J I I I I I I I ~,--+-,,-~-- I I I I I I
.;;F-CXX) .4Q-CXl)
9-EAR PANEL YJE8 CEFl...£C'I[l\,S~ GI~ lE3--J.., LDAO N....M3ER 1..0 .~-rli 'R I~"ER':AL=-05
Fig. 35 Contour Plot of Web Deflections at Intermediate
Load - Test UG3.1
I
m
-..J
4:J·alJ
35·a:o
3).CCIO
25-CCIO
aJ-CDJ
j,S.a:o
W-QXJ
s.a:o
o.CIJQ
LN
1'0
(X)
Vl
a-aD
o-cx:::c s-QCXJ
a.coo
w·cx::c
O.CXD
1S.CX:O aJ.CXJ()
o.(XX)
C;S'OX! 3J.QCX)
o·QCX)
:=s.C1X)
O·CXXl
4).0XI 4S·COO
0.QCX)
SO.CXXl 55.OX!
0.0:0
ED.CCD
9-£AR PANEL WEB CEFLECTICNS, GIRl:lER UG3 .. 1., LOAD NlJM3ER 17 • CCNTOLR INTERVAL= .. 05
Fig .. 36 Contour Plot of Web Deflections
Test UG3.l
at Ultimate Load
I
m
co
328.5 69-
6"x 6")( leuL-15u Long
Vertical
Stiffener
I Ye" Dia. Bar
(51 Long)
UG I
Fig. 37 Tension Diagonal Reinforcement Detail
328.5 -70
Fig. 38 B & F Recorder and Penduleum Dynamometer
Fig. 39 Te·st Set-Up - Test UG1.l
328.5 -71
Fig. 40 Test Set-Up - Test UG3.1
Fig. 41 Tension Diagonal Failure - Test UG3.1
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